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1.1 GENERAL INTRODUCTION 
 
The beginning of 21st century is marked by global scarcity of water resources, 
environmental pollution and increased salinization of soil and water. Increasing human 
population and reduction in land available for cultivation are two threats for agricultural 
sustainability. Various environmental stresses such as high winds, extreme temperatures, 
soil salinity, drought and flood have affected the production and cultivation of 
agricultural crops, among these soil salinity is one of the most devastating 
environmental stresses, which causes major reductions in cultivated land area, crop 
productivity and quality (Shrivastava and Kumar, 2015).  
Plants are often subjected to periods of soil and atmospheric water deficits 
during their life cycle as well as, in many areas of the globe, to high soil salinity. 
Understanding how plants respond to drought, salt and co-occurring stresses can play a 
major role in stabilizing crop performance under drought and saline conditions and in 
the protection of natural vegetation (Chaves et al., 2009). Also, irrigated agriculture is a 
major human activity, which often leads to secondary salinization of land and water 
resources in arid and semi-arid conditions (Shrivastava and Kumar, 2015).  
During the last century, physical, chemical and/or biological land degradation 
processes have resulted in serious consequences to global natural resources (e.g. 
compaction, inorganic/organic contamination, and diminished microbial 
activity/diversity). All soils contain some water-soluble salts. Plants absorb essential 
nutrients in the form of soluble salts, but excessive accumulation strongly suppresses 
the plant growth (Shrivastava and Kumar, 2015). Salt stress is one of several major 
abiotic stresses, and can inhibit the growth, development, and productivity of plants 
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through the effects of osmotic stress, ion-toxicity, accumulation of reactive oxygen 
species, etc. Soil salinity affects arable land on every continent, and is among the most 
common and severe threats to crop production in 23% of cultivated land worldwide 
(Zhuang et al., 2011). Salts in the soil occur as ions (electrically charged forms of atoms 
or compounds). Ions are released from weathering minerals in the soil. They may also 
be applied through irrigation water or as fertilizers, or sometimes migrate upward in the 
soil from shallow groundwater. When precipitation is insufficient to leach ions from the 
soil profile, salts accumulate in the soil resulting soil salinity. The area under the 
affected soils continues to increase each year due to introduction of irrigation in new 
areas (Shrivastava and Kumar, 2015). 
Different plant species are highly variable with respect to their optimum 
environments, and a harsh environmental condition, which is harmful for one plant 
species, might not be stressful for another. This is also reflected in the multitude of 
different stress-response mechanisms (Krasensky and Jonak, 2012).  
Agricultural crops exhibit a spectrum of responses under salt stress. Salinity not 
only decreases the agricultural production of most crops, but also, effects soil 
physicochemical properties, and ecological balance of the area. The impacts of salinity 
include low agricultural productivity, low economic returns and soil erosions. Salinity 
effects are the results of complex interactions among morphological, physiological, and 
biochemical processes including seed germination, plant growth, and water and nutrient 
uptake. Salinity affects almost all aspects of plant development including: germination, 
vegetative growth, and reproductive development (Shrivastava and Kumar, 2015). 
Plants vary greatly in the ability to survive different sources of biotic and abiotic 
stress (Zhuang et al., 2011). Ion uptake and compartmentalization are crucial not only 
for normal growth but also for growth under saline conditions because the stress 
Chapter 1: General Introduction And Literature Review 
 
4 
 
disturbs ion homeostasis. Plants, whether glycophyte or halophyte, cannot tolerate large 
amounts of salt in the cytoplasm and therefore under saline conditions they either 
restrict the excess salts in the vacuole or compartmentalize the ions in different tissues 
to facilitate their metabolic functions. Glycophytes limit sodium uptake or partition 
sodium in older tissues that serve as storage compartments that are eventually sacrificed 
(Parida and Das, 2005). High salt concentrations lead to wilting and death of plant 
leaves. Most plants, especially fruit trees, are non-halophytes, meaning that their 
tolerance to salt is relatively low or their growth limit of salinity is very low. It has been 
shown that salt stress inhibits the growth of Malus seedlings (Zhuang et al., 2011). 
Photosynthesis, together with cell growth, is among the primary processes to be affected 
by water or salt stress (Chaves et al., 2009).  
There are numerous reports of the regulation of genes in the pathway of a plant's 
tolerance to these abiotic and biotic stresses by functional genes or transcription factors 
(TFs), and these are components of the regulatory complex controlling network in 
plants (Zhuang et al., 2011). Stress-inducible genes comprise genes involved in direct 
protection from stress, including the synthesis of osmoprotectants, detoxifying enzymes, 
and transporters, as well as genes that encode regulatory proteins such as transcription 
factors, protein kinases, and phosphatases (Krasensky and Jonak, 2012) 
The purpose of this research is to dwelve into the different mechanisms that 
apple seedlings go through when under salt stress conditions by monitoring stomata 
behavior and water interaction, as well as plant hormones that are related to the 
respiration and water storage of the cell. This will be accompanied with an analysis on 
osmoprotectors and proteins that plant cells produce in response, as well as measuring 
the activity of the genes involved in the global response to the stress. 
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1.2 LITERATURE REVIEW 
1.2.1 Apple 
The domesticated apple (Malus × domestica Borkh., family Rosaceae, tribe 
Pyreae) is the main fruit crop of temperate regions of the world (Igarashi et al., 2016). 
Apples have been cultivated since at least 3000-4000 BC and they have been featured 
prominently in literature, poetry, art and folklore since that time. The history of the 
apple is very rich and many books feature a review of its history in a particular region or 
time period or for a particular use. Apples have been symbolic since early time and were 
often featured in mythology (Litz, 2005).  
Apples are one of the most popular fruits, and is considered to be a major 
functional food resource (Igarashi et al., 2016). Commercial production of apples started 
as complements in gardens, as field borders or as trees in pastures. Apples are produced 
commercially in most countries in the temperate region of the world and also in some 
tropical areas with high altitude. In the last 100 years production has become 
increasingly intensified, with the use of dwarfing rootstocks and training systems 
designed to improve or hard efficiency. Apple is unique among fruit plants in having a 
range of rootstocks that permit development of a designer tree size appropriate to the 
training system and management skills of modern orchardists. In the last 50 years the 
development of herbicides, insecticides and fungicides has permitted the production of 
high-quality fruit in many areas where production was previously difficult. Currently, as 
more information is gained through research, the trend is to reduce pesticide inputs 
through integrated production systems or organic production. Apple breeders are 
assisting by developing high-quality cultivars with resistances to the most serious pests, 
through both conventional breeding and genetic engineering. Research in storage and 
postharvest handling techniques have dramatically improved fruit quality and currently 
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apples are a quality product available throughout the year. Many of these current 
cultural practices are based on research results of detailed studies of the effects of 
various aspects the environment on apple growth and development (Ferree and 
Warrington, 2003). 
Many new apple cultivars with improved fruit quality or growth habits have 
emerged as a result of the steady efforts of breeders worldwide. Commercial 
competition from other fruits has been steadily increasing, and changes in consumer 
demand have prompted breeders worldwide to develop new apple cultivars with more 
attractive characteristics and improved benefits (Igarashi et al., 2016).  
Apples are grown in most temperate climates and they require a period of cold 
(temperatures below 45°F/7°C) to bloom and grow normally. For standard cultivars 
chill units of 500–1,000 are needed, while low chill cultivars require 400–600 h. Heat 
units are also needed. Since several apple-producing areas require cultivars with low 
chilling hour requirements, research on low chilling has expanded. Broad sense 
heritability values of 30% were calculated for total variation in number of buds 
sprouting and 62% for time of bud sprouting. In areas of adequate winter chilling, cold 
hardiness is often a concern as is later blooming to avoid spring frosts. The issue of 
climate change, although controversial, is offering new challenges to apple producers 
worldwide, with more erratic climatic conditions, new pathogens and in some areas an 
increased frequency of hail. Heat tolerance and sunburn susceptibility are being 
investigated as major issues as is drought susceptibility. (Brown, 2012) 
Commercial apple production in Japan started in the 1870s using cultivars 
introduced mainly from the United States. By the 1900s, about 300 cultivars had been 
introduced from the USA, France, Canada, and other western countries. In 2014, ‘Fuji’, 
‘Tsugaru’, ‘Ohrin’, and ‘Jonagold’, accounted for 53.5%, 11.2%, 7.4%, and 6.9%, 
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respectively, of the 816,300 tons of apples produced in Japan. Most of the remaining 
21% consisted of new and old cultivars developed in Japan, each constituting less than 
1% or a few percent of total apple production (Igarashi et al., 2016) 
The most widely cultivated apple cultivar in Japan, ‘Fuji’, was registered in 
1962. This cultivar was selected from 787 seedlings derived from the cross between 
‘Ralls Janet’ and ‘Delicious’. ‘Fuji’ has been considered the most widely produced 
apple cultivar in the world. The fruit is juicy, sweet, crispy, and shows remarkable 
storage ability with no loss of firmness for at least 1 month after harvest at room 
temperature (Igarashi et al. 2016). 
Throughout the life of an apple tree, a variety of stresses, including abiotic stress 
(such as drought, high salinity and extreme temperature) and biotic stress (such as 
insects and pathogen attack), affect growth, quality and yield (Zhuang et al., 2011) due 
to its sensitivity. Fruit trees cannot be rotated, as can annual crops, to avoid stress. Once 
planted, they are generally exposed to stress injury over several years (Wen et al., 2008). 
Thus, the development of techniques for the avoidance or reduction of injury from 
environmental stress and/or the breeding of stress-tolerant fruit tress is important. 
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Table 1.1. Cultivars originally developed in Japan (Igarashi et al., 2016). 
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1.2.2 Salt stress 
Stress is defined as any external abiotic (salinity, heat, water, etc.) or biotic 
(herbivore) constraint that limits the rate of photosynthesis and reduces a plant’s ability 
to convert energy to biomass. World agriculture is facing a lot of challenges like 
producing 70 % more food for the growing population and the productivity of crops is 
not increasing in parallel with the food demand (Parihar et al., 2015). Soil salinity is a 
major environmental constraint to crop production characterized by a high concentration 
of soluble salts. More than 800 million hectares of land throughout the world are salt 
affected. This amount accounts for more than 6% of the world’s total land area, 
affecting an estimated 45 million hectares of irrigated land, and is expected to increase 
due to global climate changes and as a consequence of many irrigation practices. The 
deleterious effects of salt stress on agricultural yield are significant, mainly because 
crops exhibit slower growth rates, reduced tillering and, over months, reproductive 
development is affected (Roy et al., 2014).  
Salt and drought stresses affect virtually every aspect of plant physiology and 
metabolism, and numerous changes that occur under these stresses have been 
documented. Knowledge of them is just as important because they represent suitable 
targets for genetic suppression to improve salt and drought stress tolerance. In nature, 
for a plant to sacrifice a part of its structure constitutes an adaptive strategy to survive a 
stress episode (Zhu, 2002). For adaptive or presumed adaptive responses, it may be 
helpful to conceptually group them into three aspects: (a) homeostasis that includes ion 
homeostasis, which is mainly relevant to salt stress, and osmotic homeostasis or osmotic 
adjustment; (b) stress damage control and repair, or detoxification; and (c) growth 
control (119). Accordingly, salt and drought stress signaling can be divided into three 
functional categories: ionic and osmotic stress signaling for the reestablishment of 
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cellular homeostasis under stress conditions, detoxification signaling to control and 
repair stress damages, and signaling to coordinate cell division and expansion to levels 
suitable for the particular stress conditions (Fig 1.1) (Zhu, 2002). Homeostasis signaling 
negatively regulates detoxification responses because, once cellular homeostasis is 
reestablished, stress injury would be reduced, and failure to reestablish homeostasis 
would aggravate stress injury. Homeostasis and detoxification signaling lead to stress 
tolerance and are expected to negatively regulate the growth inhibition response, i.e., to 
relieve growth inhibition. 
There are two types and causes of salinity: natural or primary salinity and 
secondary or human-induced salinity (Parihar et al., 2015). Most of salt affected land 
has arisen from natural causes, from the accumulation of salts over long periods of time 
in arid and semiarid zones. Sodium chloride (NaCl) is the most soluble and abundant 
salt released. Soils are classified as saline when the EC is 4 dS.m-1 or more, which is 
equivalent to approximately 40 mM NaCl and generates an osmotic pressure of 
approximately 0.2 MPa. Weathering of parental rocks releases soluble salts of various 
types, mainly chlorides of sodium, calcium, and magnesium, and to a lesser extent, 
sulfates and carbonates. Another cause of accumulation is the deposition of oceanic 
salts carried in wind and rain. Rainwater contains 6–50 mg.kg-1 of NaCl; the 
concentration decreases with distance from the coast. Rain containing 10 mg.kg-1of 
sodium chloride would deposit 10 kg.ha-1 of salt for each 100 mM of rainfall per year 
(Munns and Tester, 2008).  
Secondary salinization results from human activities that change the hydrologic 
balance of the soil between water applied (irrigation or rainfall) and water used by crops 
(transpiration). The most common causes are (a) land clearing and the replacement of 
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perennial vegetation with annual crops and (b) irrigation schemes using salt-rich 
irrigation water or having insufficient drainage (Parihar et al., 2015). 
Soil salinity is an enormous problem for agriculture under irrigation. In the hot 
and dry regions of the world the soils are frequently saline with low agricultural 
potential. In these areas most crops are grown under irrigation, and to exacerbate the 
problem, inadequate irrigation management leads to secondary salinization that affects 
20% of irrigated land worldwide (Shrivastava and Kumar, 2015).  
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Fig. 1.1. Functional demarcation of salt and drought signaling pahways (Zhu, 2002). 
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1.2.3 Physiological response to salt stress 
Understanding the mechanisms operating at a whole plant level has implications 
for screening techniques to distinguish plants that are tolerant of salinity as distinct from 
soil drying. Salinity interferes with plant growth as it leads to physiological drought and 
ion toxicity (Huang et al., 2012). Mechanisms for salt tolerance are of two main types: 
those minimizing the entry of salt into the plant, and those minimizing the concentration 
of salt in the cytoplasm. Halophytes have both types of mechanisms; they ‘exclude’ salt 
well, but effectively compartmentalize in vacuoles the salt that inevitably gets in. This 
allows them to grow for long periods of time in saline soil. Some glycophytes also 
exclude the salt well, but are unable to compartmentalize the residual salt taken up as 
effectively as do halophytes. Most glycophytes have a poor ability to exclude salt, and it 
concentrates to toxic levels in the transpiring leaves (Munns, 2002) 
Increased soil salt concentrations decrease the ability of a plant to take up water 
and, once Na+ and Cl- are taken up in large amounts by roots, both Na+ and Cl- 
negatively affect growth by impairing metabolic processes and decreasing 
photosynthetic efficiency (Deinlein et al., 2014). Marginal and tipburn of fruit crop 
leaves are usually strong indicators of Na+ and Cl- toxicity, but although these injuries 
may be the dominant factors in reducing fruit crop yields, there is also a possibility that 
may be relatively unimportant despite severe leaving injury (Bernstein, 1980).  
To mount an effective response to cope with salt stress, plants have developed 
the ability to sense both the hyperosmotic component and the ionic Na+ component of 
the stress. These two sensory modalities are evident in that some responses to NaCl 
remain distinct from responses to purely osmotic stress (Deinlein et al., 2014). These 
mechanisms can be classified into three main categories: firstly, osmotic tolerance, 
which is regulated by long distance signals that reduce shoot growth and is triggered 
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before shoot Na+ accumulation; secondly, ion exclusion, where Na+ and Cl transport 
processes in roots reduce the accumulation of toxic concentrations of Na+ and Cl- within 
leaves; and finally, tissue tolerance, where high salt concentrations are found in leaves 
but are compartmentalized at the cellular and intracellular level, especially in the 
vacuole (Roy et al., 2014). Typical agronomic selection parameters for salinity tolerance 
are yield, survival, plant height, leaf area, leaf injury, relative growth rate, and relative 
growth reduction (Ashraf and Harris, 2004). 
Salinity can also affect growth in a number of ways. The first phase of the 
growth response is due to the osmotic effect of the salt in the soil solution, and produces 
a suite of effects identical to those of water stress caused by drought. Later, there may 
be an additional effect on growth; if excessive amounts of salt enter the plant they will 
eventually rise to toxic levels in the older transpiring leaves, causing premature 
senescence. This will reduce the amount of assimilate that the plant can produce, and a 
reduction in the assimilate transported to the growing tissues may further limit growth. 
This is the second phase of the growth response, and is the phase that clearly separates 
species and genotypes that differ in the ability to tolerate saline soil. Thus, growth is 
limited predominantly by osmotic stress, but in species that have a high rate of salt 
uptake, or cannot compartmentalize salt effectively in vacuoles, salt-specific effects 
develop with time, impose an additional stress on the plant through failing capacity to 
produce photoassimilate, and give rise to the categories of ‘salt-sensitive’ and ‘salt-
tolerant’. This implies that any improvement in drought resistance would make a plant 
more adapted to saline soil. However, the processes that adapt a plant specifically to 
saline soil involve the regulation of the uptake and compartmentation of salt, to delay as 
long as possible the time when it accumulates to toxic levels in leaves that are actively 
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photosynthesizing. Breeding or genetic engineering of plants better adapted to saline 
soil should focus on these processes (Munns, 2002). 
1.2.4 Water relations 
Osmotic balance is essential for plants growing in saline medium. Failure of this 
balance results in loss of turgidity, cell dehydration and ultimately, death of cells 
(Shrivastava and Kumar, 2015). An increase of salt in the root medium can lead to a 
decrease in leaf water potential and, hence, may affect many plant processes. At very 
low soil water potentials, this condition interferes with the plant’s ability to extract 
water from the soil and maintain turgor. However, at low or moderate salt concentration 
(higher soil water potential), plants adjust osmotically (accumulate solutes) and 
maintain a potential gradient for the influx of water. In one of the experiments in 
Cucumis sativa, it has been shown that the water potential decreases linearly with 
increasing salinity levels (Parihar et al., 2015).  On the other hand, adverse effects of 
salinity on plant growth may also result from impairment of the supply of 
photosynthetic assimilates or hormones to the growing tissues (Shrivastava and Kumar, 
2015). 
Early responses to water and salt stress have been considered mostly identical. 
Drought and salinity share a physiological water deficit that attains, more or less 
intensely, all plant organs. However, under prolonged salt stress plants respond in 
addition to dehydration to hyper-ionic and hyper-osmotic stress. Leaf tissue water 
deficit per se can be triggered not only by low soil water content but also by high 
vapour pressure deficit of the atmosphere (Chaves et al., 2009). 
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Fig. 1.2. Plant transport system and responses to water deficit and high salinity stresses 
(Osakabe et al., 2014). 
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1.2.5 Stomata and respiration 
Studies suggested that the ABA synthesized in shoots is postulated to represent 
the conversion of a long-distance hydraulic signal in xylem vessels (Fig. 1.2) which 
induces stomatal closure in response to low soil water potential (Osakabe et al., 2014). 
Stomata close in response to leaf turgor decline, to high vapour pressure deficit in the 
atmosphere or to root-generated chemical signals, the latter being common to both 
drought and salinity. Supply of CO2 to Rubisco is therefore impaired, what predisposes 
the photosynthetic apparatus to increased energy dissipation and down-regulation of 
photosynthesis when plants are subjected to high light and temperature. Under mild 
stress, a small decline in stomatal conductance may have protective effects against 
stress, by allowing plant water saving and improving plant water-use efficiency by the 
plant (Chaves et al., 2009).  
1.2.6 Ion toxicity in salt stress 
The long-distance transport of ions through plant tissues has important roles in 
the maintenance of ion homeostasis in plant body. In plants, the vascular tissues play 
the main roles in the long-distance transport of the substances between organs and 
tissues (Osakabe et al., 2014). Under salinity, in addition to water deficits, plants endure 
salt-specific effects. Salt response follows a biphasic model, with current metabolic data 
indicating an early similarity with drought, whereas in the long-term plants are 
responding to ion toxicity (Chaves et al., 2009). 
Ion toxicity is the result of replacement of K+ by Na+ in biochemical reactions, 
and Na+ and Cl− induced conformational changes in proteins. For several enzymes, K+ 
acts as cofactor and cannot be substituted by Na+. High K+ concentration is also 
required for binding tRNA to ribosomes and thus protein synthesis. Ion toxicity and 
osmotic stress cause metabolic imbalance, which in turn leads to oxidative stress. The 
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adverse effects of salinity on plant development are more profound during the 
reproductive phase (Shrivastava and Kumar, 2015). 
 There are species-specific responses to salt. Some plants are able to prevent salt 
entry (salt exclusion at the whole-plant or the cellular level) or to minimize its 
concentration in the cytoplasm by compartmentalizing salt in the vacuoles, thus 
avoiding toxic effects on photosynthesis and other key metabolic processes. When those 
processes do not exist or are insufficient, it was shown that Na+ at a concentration 
above 100 mm severely inhibits many enzymes, including photosynthetic ones (Chaves 
et al., 2009) 
1.2.7 Salt exclusion 
Salt exclusion functions to reduce the rate at which salt accumulates in 
transpiring organs. Plants transpire 30–70 times more water than they use for cell 
expansion, the value depending largely on the prevailing weather. This means that 
solutes in the soil that are not excluded by roots will be 30–70 times more concentrated 
than in the soil solution. This concentration can be avoided by filtering out most of the 
salt. For example, if a plant is transpiring 50 times more water than it retains, and lets in 
only 2% of the salt in the soil solution (i.e. excludes 98%), the concentration of salt in 
the shoot as a whole would never increase over that in the soil and the plant could grow 
indefinitely in saline soil. Individual leaves, however, cannot be protected indefinitely. 
Salts carried in the transpiration stream are deposited in leaves as the water evaporates, 
and salt gradually builds up with time. The salt concentrations in older leaves are 
therefore much higher than in younger leaves, at any one point in time. In the older 
leaves, the salt concentration eventually becomes high enough to kill the cells (Munns, 
2002) 
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1.2.8 Water stress and salt stress 
The similarity between water and salt stress applies to most metabolic processes, 
apart from those relating to ion transport. Hormonal responses are similar; and 
photosynthesis also decreases in both water and salt stress, the responses being over the 
time scale of days rather than minutes. Although there can be strong correlations 
between increases in leaf ion concentrations and reductions in photosynthesis or 
stomatal conductance, there is as yet no unequivocal evidence for causal relationships. 
Correlations can disappear when considering different leaves, or different salinities. 
Experiments using different genotypes differing in rates of Na+ or Cl– accumulation 
may be able to distinguish between the effects of salt in the leaf, and salt in the soil. 
Alternatively, stress-relief experiments can show whether the salt in the leaf is causing 
the decrease in stomatal conductance or photosynthesis, as leaching the soil will quickly 
restore the water relations of the plant but not affect salt levels in leaves. Such 
experiments with olive trees have indicated that the decreases in photosynthesis were 
due to the osmotic effect of the salt outside the roots, not a specific effect of the salt in 
the leaves (Munns, 2002)..   
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Table 1.2. Plant response to salinity and water stress at different time scales (Munns, 2002). Water stress and salinity share the same 
effects at minute and hour intervals.  
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1.2.9 Hormonal response to salt stress 
Studies using plants bearing mutations in hormone-biosynthetic pathways have 
been instrumental in advancing our understanding of the processes associated with the 
plant responses to changing environments. However, hormones do not act in isolation 
but are interrelated by synergistic or antagonistic cross-talk so that they modulate each 
other's biosynthesis or responses (Peleg and Blumwald, 2011). 
After stress induction an initial quiescence period is followed by a growth 
recovery phase, both of which correlate with changes in the levels of the plant hormones 
abscisic acid (ABA), jasmonates (JA), gibberellic acid (GA), and brassinosteroid (BR) 
(Deinlein et al., 2014). ABA is a terpenoid that is synthesized from carotenoid 
precursors (Acharya and Assmann, 2009). Among numerous physiological functions of 
ABA, it plays important roles in plant developmental processes, such as cell division; 
seed maturation, dormancy and germination; and postgermination seedling growth 
(Acharya and Assmann, 2009; Okamoto et al., 2006).  
ABA is defined as a stress hormone because of its rapid accumulation in 
response to stresses and its mediation of several stress responses that help plant survival 
over the stresses (Zhang et al., 2006). Regulation of seed dormancy and plant responses 
to osmotic stress has been well documented in various plant species because ABA 
deficient mutants commonly show defects in these processes (Okamoto et al., 2006). 
Studies suggest that ABA produced in leaves affects mainly ABA signaling and 
stomatal closing in this organ and that there appears to be no requirement for root–shoot 
delivery of ABA. ABA mainly produced in leaf vascular tissues in response to water 
deficit stress is transported to guard cells where it induces stomatal closure. ABA is 
supposed to be transported via passive diffusion from a low to a high pH environment 
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without the involvement of ABA transporters because ABA is a weak acid. ABA, 
however, can also be transported by ABA transporters (Osakabe et al., 2014). 
Progression of the response at stress stimulus is associated with a change in 
endogenous ABA levels, which are controlled by a precise balance between 
biosynthesis and catabolism rates of the hormone (Okamoto et al., 2006). Upon 
perception of a stress signal, ABA formation is induced primarily in vascular tissues 
and ABA is exported from the site of biosynthesis and uptake is stimulated into other 
cells by specific ATP-dependent transporters, allowing rapid distribution into 
neighbouring tissues (Raghavendra et al., 2010). It has been reported that ABA 
concentrations can increase up to 30-fold during drought; and other types of stresses, 
such as salinity and cold, also cause ABA biosynthesis and accumulation (Acharya and 
Assmann, 2009). 
Nonetheless, ABA production should be sensitively and rapidly triggered by the 
stress to avoid any inhibition of plant growth and functions under unstressed conditions; 
and at the same time should be rapidly degraded and deactivated once the stress is 
relieved such that normal plant growth and functions can resume (Zhang et al., 2006). 
ABA catabolism is important for reducing cellular concentrations of ABA, which is 
essential for its function as a signal molecule (Okamoto et al., 2011). By following the 
amount of ABA entering leaves during the process of ABA-induced stomatal closure, it 
has been demonstrated that the leaf conductance could only respond to xylem ABA 
concentration, and that rapid metabolism of xylem-derived ABA in the leaves is 
essential to prevent ABA accumulation and keep the stomata sensitively regulated 
(Zhang et al., 2006).  
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1.2.10 ABA biosynthesis and accumulation under stress conditions  
A significant accumulation of ABA occurs in response to water deficit stress and 
the increased ABA content in leaves induces stomatal closure that decreases the rate of 
gas exchanges and thus results in reduced photosynthetic activity. An increase in 
endogenous ABA content also induces the expression of a number of stress-related 
genes in plants (Osakabe et al., 2014).  
Accumulation of ABA can be accomplished by the activation of the upstream 
enzyme of ABA, NCED or the inhibition of ABA’s downstream enzyme, ABA 8’-
hydroxylase (Kondo et al., 2012). In ABA metabolism, CYP707A catalyzes ABA 8’-
hydroxylation, which is the committed step in a major catabolic pathway (Okamoto et 
al., 2011). S-Uniconazole (UNI), a plant growth retardant developed in the 1980s, 
functions as an inhibitor of CYP707A17 in addition to ent-kaurene oxidase (CYP701A), 
which catalyzes the three-step oxidation of ent-kaurene to ent-kaurenoic acid (KA) 
(Okazaki et al., 2011).  
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Fig.1.3. Pathway and Regulation of ABA Biosynthesis (Xiong et al., 2002). 
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Fig. 1.4. Synthesis of (±)-Abz-E2P and (±)-Abz-E2B (Okazaki et al., 2012). Modified 
structures of S-UNI were developed in order to obtain a more specific inhibitor against 
CYP707A. The most effective approach was molecular enlargement, leading to the 
development of (±)-UNI analogs (UTn), which had a very specific response, but poor 
solubility; which led to the development of (±)-abscinazole-E1 (Abz-E1) (Okazaki et al., 
2012). Abscinazole-E2B (Abz-E2B) was developed by structural modification of Abz-
E1, since the latter still presented difficulty to dissolve in water. It’s efficiency in 
preventing drought damage has been shown before (Okazaki et al., 2012), but its effect 
on preventing other types of stress such as salinity is still unknown.  
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1.2.11 Osmolytes in salt stress response 
One of the key strategies of plant adaptation to adverse environmental conditions, 
including excessive salinity, is a stress-induced regulation of the qualitative composition 
and quantitative content of low-molecular-weight organic osmolytes with the functions 
of chemical chaperones, antioxidants, and signaling molecules. If Na+ and Cl– are 
sequestered in the vacuole of a cell, K+ and organic solutes should accumulate in the 
cytoplasm and organelles to balance the osmotic pressure of the ions in the vacuole 
(Munns, 2002). In this regard, a special role under salinity, which is more or less typical 
for a quarter of soils in the world, belongs to polyamines (PAs) and proline (Pro) 
(Shevyakova et al., 2013) and glycine betaine (GB). All these compounds accumulate 
under water stress as well as salt stress, and are found at high concentrations in plants 
adapted to dry or saline soils (Munns, 2002). It is now established that the aliphatic PAs 
(universal organic polycations with high biological activity) and a compatible osmolit 
Pro are involved in the regulation of cellular metabolism and in the realization of plant 
protective responses to damaging abiotic factors (Shevyakova et al., 2013). 
1.2.12 Proline 
The amino acid proline (Pro) contains a secondary amino group and is thus 
unique among the proteinogenic amino acids. Proline plays a crucial role for cellular 
metabolism both as a component of proteins and as free amino acid. The anabolic 
branch of proline metabolism was first described in bacteria, where proline is 
synthesized from glutamate in three steps. Glutamate is phosphorylated by γ-glutamyl 
kinase using ATP and the resulting glutamyl-γ-phosphate is reduced to glutamic-γ-
semialdehyde (GSA) by glutamic-γ-semialdehyde dehydrogenase. The reversible 
cyclization of GSA to ∆1-pyrroline-5-carboxylate (P5C) is spontaneous and followed by 
the reduction of P5C to proline, catalysed by Δ1-pyrroline-5-carboxylate reductase 
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(P5CR) using NADPH. Proline biosynthesis in other kingdoms follows the same 
pathway (albeit differences exist), and its degradation in eukaryotes takes place in 
mitochondria and thus in plants is spatially separated from the biosynthetic pathway. It 
has been reported that not only does ABA interact with proline during seed maturation 
and plant growth, but also during abiotic stress ABA affects the expression of prolines 
P5CS and P5CR (Lehmann et al., 2010). 
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Fig. 1.5. Model of proline metabolism and transport in Arabidopsis cells (Lehmann et 
al., 2010). Substrates are shown in black: Pro proline, Glu glutamate, Orn ornithine, 
P5C pyrroline-5-carboxylate, GSA glutamic-γ-semialdehyde, KG α-ketoglutarate. 
Enzymes are encircled: P5CS P5C synthetase, P5CR P5C reductase, PDH proline 
dehydrogenase, P5CDH P5C dehydrogenase, δOAT ornithine-δ~aminotransferase. 
Transporters are shown as dark grey circles: AAP amino acid permease, ProT proline 
transporter, LHT lysine-histidine transporter, transporters that have only been described 
physiologically are shown as circles without label; proposed transporters are indicated 
by a question mark. 
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1.2.13 Polyamines  
Polyamines (PAs) are small, positively charged, organic molecules that are 
ubiquitous in all living organisms. The three common PAs in plants are putrescine (Put), 
spermidine (Spd) and Spm, with some plants also having thermospermine (tSpm) in 
place of or in addition to Spm. The simplicity of their structure, their universal 
distribution in all cellular compartments, and presumed involvement in physiological 
activities ranging from structural stabilization of key macromolecules to cellular 
membranes make them an attractive group of metabolites to assign a multitude of 
biological functions. As much as their cellular functions are diverse, and sometimes 
contradictory, so are their roles in plant stress. They have been deemed important in 
preparing the plant for stress tolerance and to directly aid in ameliorating the causes of 
stress, and at the same time, their own catabolic products are responsible for causing 
stress damage (Minocha et al., 2014).  
PA role in abiotic stress can be listed in seven points that include: (i) serving as 
compatible solutes along with Pro, glycinebetaine and GABA; (ii) interactions with 
macromolecules like DNA, RNA, transcriptional and translational complexes, and 
cellular and organellar membranes to stabilize them; (iii) role in directly scavenging 
oxygen and hydroxyl radicals and promoting the production of antioxidant enzymes and 
metabolites; (iv) acting as signal molecules in the ABA-regulated stress response 
pathway and through the production of H2O2; (v) regulators of several ion channels; 
(vi) participation in programmed cell death; and (vi) their role in metabolic regulation of 
ammonia toxicity, nitric oxide (NO) production, and balancing organic N metabolism in 
the cell (Minocha et al., 2014). 
Metabolic studies indicate that the intracellular levels of polyamines in plants are 
mostly regulated by anabolic and catabolic processes, as well as by their conjugation to 
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hydroxycinnamic acids. The biosynthesis of polyamines is initiated with the formation 
of diamine Put. In plants and bacteria, however, there is an alternative pathway for the 
formation of Put, which is synthesized from arginine in a reaction catalysed by arginine 
decarboxylase (ADC) followed by two successive steps catalysed by agmatine 
iminohydrolase (AIH) and N-carbamoylputrescine amidohydrolase (CPA) (Alcázar et 
al., 2006). 
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Fig. 1.6. Polyamine metabolism and interaction with other metabolic routes (Alcázar et 
al., 2006). 
  
Chapter 1: General Introduction And Literature Review 
 
32 
 
1.2.14 Time-dependent changes in salt stress conditions 
When plants are exposed to salinity, damage presents itself differently as time 
progresses. In the first few seconds or minutes, cells lose water and shrink. Over hours, 
cells regain their original volume but cell elongation rates are reduced, leading to lower 
rates of leaf and root growth. Over days, changes in cell elongation and cell division 
lead to slower leaf appearance and smaller final size, and leaf growth is usually more 
affected than root growth. In plants with high salt uptake rates, the oldest leaf may start 
to show symptoms of injury. After weeks it is clear that lateral shoots have been 
inhibited, and in plants with high salt uptake rates a number of leaves may be dead. 
However, the rate of production of younger leaves may not yet differ between genotype. 
After months, differences between plants with high and low salt uptake rates become 
very apparent, with a large amount of leaf injury and complete death in some cases if 
the salinity level is high enough (Munns, 2002) 
1.2.15 Related genes response under salt stress 
Salinity tolerance is a complex phenomenon and might involve involve many 
genes. As many abiotic stresses ultimately results in desiccation of the cell and osmotic 
imbalance, there is an overlap in the expression pattern of stress genes after cold, 
drought, high salt or ABA application, suggesting that various stress signals and ABA 
share common elements in the signaling pathway and these common elements cross-talk 
with each other, to maintain cellular homeostasis (Tuteja, 2007). Programs designed to 
specifically introgress salinity tolerance using traditional breeding methods appear to 
have frequently failed, which has usually been attributed to the multigenic nature of 
salinity tolerance (Roy et al., 2014). In response to water potential decrease due 
decreasing osmotic component of enhanced salinity, genes relevant for inorganic ion 
uptake and osmolyte synthesis are upregulated. To some extent, transcriptional 
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regulation of these stress response genes in plants is mediated by dynamic changes in 
hormone biosynthesis (Deinlein et al., 2014). 
Gene expression varies with the time after the salt shock is applied. After rice 
was suddenly exposed to 150 mm NaCl, the genes expressed in roots at 15 min were 
different from those expressed after 1 week. It is likely that many genes induced soon 
after salt is applied are related to water stress rather than specifically to salt stress. In 
wheat roots, a gene expressed in the early phase of the stress response, 6 h after sudden 
exposure to 250 mm NaCl, was identified as a protein kinase, and induced by abscisic 
acid as well as by salinity (Munns, 2002). 
The expressions of isolated MdNCEDs and MdCYP707As is associated with the 
changes of ABA and are key genes that regulate ABA catabolism in apples under 
dehydration (Kondo et al., 2012). Dehydration genes overlap with those of salinity and 
give similar if not identical responses at early stages. 
In suspension cultures, the accumulation patterns of MdADC transcripts were in 
accordance with the cell growth patterns and putrescine titre. MdADC also showed a 
higher expression level in the young tissues, including young leaf, flower, and young 
fruit, where cells are dividing and growing more actively than old tissues such as the 
mature leaf and ripening fruit. Thus, there was also a positive correlation between cell 
growth and MdADC expression in apple. Induced expressions of ADC upon stresses 
were reported in potassium-deficient Arabidopsis, acid-stressed soybean hypocotyls, 
salt-stressed rice and Arabidopsis, wounded Arabidopsis, and chilling-, salt-, and 
osmotically stressed mustard, which demonstrated that ADC genes play important roles 
in plant responses to stress in the environment. Since the expression levels of MdADC 
were positively or negatively induced by environmental stresses, including extreme 
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temperatures, high salinity, and dehydration, MdADC might also be involved in the 
response to stress in addition to cell growth (Hao et al., 2005). 
Chapter 2: Salt tolerance in apple seedlings is affected by an inhibitor of ABA 8'-
hydroxylase CYP707A 
35 
 
 
 
 
 
 
 
CHAPTER 2 
SALT TOLERANCE IN APPLE SEEDLINGS IS AFFECTED BY AN 
INHIBITOR OF ABA 8'-HYDROXYLASE CYP707A 
 
 
  
Chapter 2: Salt tolerance in apple seedlings is affected by an inhibitor of ABA 8'-
hydroxylase CYP707A 
36 
 
2.1 INTRODUCTION 
 
Crop plants are often subjected to several types of environmental stress that 
affect their growth and development (Fletcher et al., 1999). Despite the innate stress-
tolerance mechanisms of plants, salinity interferes with growth as it leads to 
physiological drought and ion toxicity (Huang et al., 2012), nutritional imbalance, or a 
combination of these (Ashraf and Harris, 2004). In addition, salinity can decrease crop 
yield and gravely contribute to the loss of arable land (Deinlein et al., 2014). Therefore, 
an increase of salt tolerance in crops is needed to sustain production in many regions 
(Munns et al., 2006).  
Sodium chloride is the most soluble and abundant salt released into the soil 
(Munns and Tester, 2008), and high concentrations of NaCl decrease the ability of 
plants to take up water. Moreover, once Na+ and Cl- are taken up in large amounts, both 
ions negatively affect plant growth by impairing metabolic processes and decreasing 
photosynthetic efficiency.  
To mount an effective response to salt stress, plants have developed the ability to 
sense both the hyperosmotic and ionic Na+ components of the stress. These two sensory 
modalities are evident in that some responses to NaCl remain distinct from responses to 
purely osmotic stress (Deinlein et al., 2014).  
There is much evidence to suggest that hormonal signals rather than water 
relations control growth in saline soils (Munns, 2002). In response to the decrease in 
water potential due to the decrease in osmotic potential with increased salinity, genes 
relevant to inorganic ion uptake and osmolyte synthesis are upregulated.  
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After stress induction, an initial quiescence period is followed by a growth 
recovery phase, both of which correlate with changes in the levels of jasmonates (JA), 
gibberellic acid (GA), brassinosteroid (BR) and abscisic acid (ABA) (Deinlein et al., 
2014). ABA, a terpenoid synthesized from carotenoid precursors (Acharya and 
Assmann, 2009), has been implicated in plant acclimation and protection against 
various environmental stresses such as heat, chill, drought, and flooding (Fletcher et al., 
1999).  
Progression of the response to stress stimulus is associated with a change in 
endogenous ABA levels, which are controlled by a precise balance between 
biosynthesis and catabolism rates of the hormone (Okamoto et al., 2006). Hydroxylation 
at the 8’-position of ABA appears to be the key step of ABA catabolism, and this 
reaction is catalyzed by ABA 8’-hydroxylase; on the other hand, 9-cis-epoxycarotenoid 
dioxigenase (NCED) is a key enzyme in ABA biosynthesis. It has been shown that 
inhibition of ABA 8’-hydroxylase (CYP707A) may have the potential to help overcome 
water-related stress such as drought (Kondo et al., 2012; Okazaki et al., 2012), but its 
effectiveness on other types of stress, such as salinity, is yet to be confirmed.  
Accumulation of ABA can be accomplished by activating the upstream enzyme 
of ABA, NCED, or by inhibiting ABA’s downstream enzyme, ABA 8’-hydroxylase 
(Kondo et al., 2012). In ABA metabolism, CYP707A catalyzes ABA 8’-hydroxylation, 
which is the committed step in a major catabolic pathway (Okamoto et al., 2011). 
(±)Abscinazole-E2B (Abz-E2B) is a compound developed by structural modification of 
(±)-abscinazole-E1 (Abz-E1) (Okazaki et al., 2012). Abz-E2B has been shown to be 
effective in preventing drought damage (Okazaki et al., 2012), but its role in preventing 
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salinity and other types of stress remains unknown. The following research focuses on 
this issue. 
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2.2 MATERIALS AND METHODS 
 
2.2.1 Plant materials and Abz-E2B treatment 
This experiment was performed using 90-day-old ‘Fuji’ apple (Malus × 
domestica) seedlings. Seeds were kept at 5 ºC on plastic box that were 26-cm wide, 52-
cm long, and 6-cm deep, with a capacity of 72 seeds per trail in a space of 4 cm x 4 cm, 
and using moist vermiculite as a substrate. The trails were then moved to a greenhouse 
for growth at 12-20 ºC with the application of 0.2% (v/v) Hyponex® solution of 2 L m−2 
(Hyponex Japan Co., Osaka, Japan) as a nutrient at 14-day intervals. Treatment 
consisted of application of 50 μmol of Abz-E2B on the leaves; the chemical was diluted 
in distilled water with an added adjuvant (Approach BI®, Maruwa Biochemical Co., 
Tokyo, Japan), and then sprayed onto the sample. After 24 h, 100-mM sodium chloride 
(NaCl) was applied to each sample by dipping into 1 L NaCl solution per box. The 
samples were then divided into three treatment groups: an untreated control group; a 
group treated with 100 mM NaCl (Abz-E2B-NaCl+); and a group administered a 
combination of Abz-E2B and 100 mM NaCl (Abz-E2B+NaCl+). Leaves were collected 
at 4, 12 and 16 days after the beginning of NaCl treatment, frozen with liquid nitrogen, 
and kept at -80 ºC until analysis. 
2.2.2 Water potential analysis  
The water status of leaves in the seedlings of each test group was determined 
with a WP4-T potential meter (Decagon Devices Inc.; Pullman, WA, USA) using KCl 
as a buffer for calibration. Using 5–7 young leaves, water potential was measured for 
each treatment, with 3 replications per test group. All leaves were sampled at dawn. 
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2.2.3 Measurement of stomatal aperture 
The state of 6 stomatal apertures per leaf was observed using a microscope (T-
1000; Hitachi High-Technologies Co., Tokyo, Japan). Five randomly selected leaves 
were used per treatment, and the state of the stomatal apertures was measured at 4, 12, 
and 16 days after the beginning of NaCl treatment. 
2.2.4 Quantitative analysis of ABA 
The analysis was based on the technique described in (Kondo et al., 2012). 
Three replications of leaf samples, 1-g each, were homogenized in a 20-mL solution of 
80% (v/v) methanol with 0.1% L(+) ascorbic acid (Kanto Chemical Co., Tokyo, Japan) 
and 0.1% butylated hydroxytoluene (BHT; 2,[6]-Di-tert-Butyl-p-cresol; Sigma-Aldrich 
Co., St. Louis, MO, USA) using 0.2-µg ABA-d6 as an internal standard. The 
homogenate was filtered and the residue washed with 20 mL of the initial methanol 
solution, then concentrated to an aqueous solution in vacuo. The, pH was subsequently 
adjusted to 2.5 with 0.1-M phosphoric acid and extracted 3 times with 20-mL 100% 
(v/v) ethyl acetate to concentrate it to dryness, then re-dissolved in 1 mL of 25% 
acetonitrile containing 20-mM acetic acid. The solution was filtered, then subjected to a 
preparative high-performance liquid chromatograph (HPLC; flow rate, 1.5 mL min−1; 
detection at 254 nm) equipped with an ODS-Mightysil RP-18 column (250 mm × 4.6 
mm i.d.) eluted with a gradient of 25–50% acetonitrile containing 20-mM acetic acid, 
over a period of 30 min, then held at 50% acetonitrile for 5 min. The fractions 
containing ABA were collected, dried in vacuo, and methylated using ethereal 
diazomethane for 10 min. The methyl ester of ABA was analyzed by gas 
chromatography–mass spectrometry-selected ion monitoring (GC–MS-SIM; model 
QP5000; Shimadzu, Kyoto, Japan). The column temperature was a step gradient of 60 
ºC for 2 min, then 60–270 ºC at 10 ºC min−1, and 270 ºC for 35 min. Ions were 
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measured as ABA-d0 methyl ester/ABA-d6 methyl ester at m/z 190, 260, 194, and 264. 
The ABA concentration was calculated from the ratio of peak areas for m/z 190 (d0)/194 
(d6).  
2.2.5 Proline levels 
Three replications of samples (0.5-g dry weight [DW]) were mixed with 10-ml 
sulfosalisylic acid 3% (w/v) and homogenized, then centrifuged at 10,000 gn for 10 min. 
Inside a glass tube, 2 ml of the supernatant was mixed with 2-ml glacial acetic acid and 
2-ml ninhydrin reagent (2.5-g ninhydrin mixed with 60-ml acetic acid, 30-mL distilled 
water, and 10-ml ortho-phosphoric acid), and the solution was mixed with a vortex and 
incubated for 1 h at 100 ºC. After incubation, this mixture was immediately cooled with 
ice for 5 min, and then 4 ml of toluene were added. The resulting mix was shaken for 
20–30 s, and the absorbance of the cromophore (supernatant) was measured at 520 nm. 
This method was based on (Sarker et al., 2005). 
2.2.6 Na+ concentration in leaves 
Leaf samples (three replications) were first dried for 72 h at 68 ºC, then 
converted to ashes at 450 ºC with HNO3 present, and finally ground into powder. The 
sample was then dissolved in 0.1 N HCl and a 100-µL aliquot was diluted with distilled 
water for a total volume of 10 mL. Finally, the solution was analyzed by atomic 
absorption spectrophotometry (ICPE-9000; ICP-AES Multitype ICP Emission 
Spectrometer, Shimadzu) as described in (Ohta et al., 2002) 
2.2.7 DPPH antioxidant assay 
Following a modified version of the method reported by (Brand-Williams et al., 
1995), 0.5 g of the sample (three replications) was mixed with 25 mL of methanol and 
homogenized, then centrifuged at 15,000 gn for 20 min at 4 ºC. The supernatant was 
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separated, and 150 µL was mixed with 2.85 ml of 0.2% of DPPH (2,2-Diphenyl-1-
picrylhydrazyl; Sigma-Aldrich) and incubated for 30 min at room temperature for later 
spectrophotography measurement (Hitachi U-2910) at 515 nm. The results were 
compared with the standard curve for Trolox at 25-800 µM. 
2.2.8 Expression of MdNCED and MdCYP707 genes 
A modified version of the CTAB method was used (Chang et al., 1993); 
(Gambino et al., 2008), in which frozen leaves (0.5 g, three replications) were powdered 
in liquid nitrogen, then added to a pre-warmed (65 °C) extraction buffer (100-mM Tris-
HCl pH 8.0, 25-mM EDTA, 2-M NaCl, 2% CTAB [cetytrimethylammonium bromide], 
2% PVPP, and 2% β-mercaptoethanol 200 µL) and incubated for 10 min. After 
incubation, an equal volume of chloroform:isoamyl alcohol (24:1 v/v) was added, and 
then the solution was mixed and centrifuged at 9,000 gn for 10 min at 4 °C. The 
supernatant was recovered and a second extraction with chloroform:isoamyl alcohol 
was performed, and the solution was transferred to a new centrifuge tube to incubate the 
obtained RNA at -80 ºC for 30 min with 0.1 x 3M NaOAc and 0.6 x cold isopropanol. 
Later, this mixture was centrifuged at 3,500 gn for 30 min at 4 °C, and the pellet was 
washed with cold ethanol (70%) and pelleted after centrifugation at 3,500 gn for 5 min 
at 4 °C. After the pellet was transferred to a new microcentrifuge tube, 240 µL of 10-M 
LiCl was added and the mixture was kept overnight at 4 ºC. Finally, the sample was 
centrifuged at 20,000 gn for 30 min at 4 °C, the supernatant was removed, and the pellet 
was washed with cold ethanol (70%), centrifuged at 20,000 gn for 5 min at 4 °C, then 
dried and resuspended in sterile water.  
RNA purity and concentration were assessed by determining the 
spectrophotometric absorbance of the samples (1 µL of sample in 99 µL of DW) at 260, 
280, and 320 nm, and the ratios of A260:A280. RNA integrity was evaluated from the 
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expression of bands on 1% agarose gel after electrophoresis, staining with ethidium 
bromide and visualization with UV light (Gambino et al., 2008). Synthesis of cDNA 
from the extracted RNA was accomplished using the ReverTra Ace® qPCR RT Master 
Mix with gDNA Remover (Toyobo Co., Ltd., Osaka, Japan), according to the 
manufacturer’s instructions. Quantitative real-time PCR was performed using a SYBR 
Green FAST ABI Prism qPCR Kit (Kapa Biosystems, Wilmington, MA, USA) 
according to the instruction manual. Gene-specific primers (Kondo et al., 2012) for each 
gene were used for the PCR (Table 1). The expression level was normalized to that of 
the ubiquitin gene (Ban et al., 2007). 
2.2.9 Statistical analysis 
Data are presented as means ± SE, subjected to analysis of variance procedures, 
and separated by the Tukey-Kramer test at P≤0.05 using the SAS statistical analysis 
package (SAS Institute, Cary, NC, USA). 
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Table 2.1. Primers used for real-time RT-PCR. 
Gene Forward/reverse primer (5’–3’) 
MdNCED1  
(F) GTA TCA CGT CCA AAT CAC TGA AAC  
(R) ATT TGA GGT ATG GCT TCT GAA CG 
MdNCED2  
(F) CGT TGA GAA GCC ATA CCT CAA AT 
(R) GCG AC A TCT GTT CTG TCG TAA AT 
MdCYP707A1  
(F) GAA GAG GTA TGC TTT TGA TGT GG 
(R) TCA ACA AGC CAC CAC TAT CTT CT 
MdCYP707A2  
(F) ACA CTT TGC AAG AGA TGA AGA GG 
(R) TGT GAA AGG AAG TTC CAG GTA GA 
Ubiquitin 
(F) TCG CTG GAA AGC AGC TTG AAG A 
(R) GCT TTC CGG CAA AGA TCA GAC G 
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2.3 RESULTS 
 
2.3.1 General overview of the in vivo effects of NaCl and Abz-E2B on 
treated seedlings  
The progression of damage following the application of NaCl treatment after 
Abz-E2B was recorded in a series of pictures (Fig. 1). Controls from both the untreated 
group and Abz-E2B exhibited similar characteristics—namely, the leaves were healthy, 
undamaged, and bright green in color. After application of NaCl, both groups started to 
show damage signs related to salinity stress, such as sunburn and yellowing; the 
severity of the damage was higher in the NaCl-only treatment group, which showed 
large damage areas and hardness of leaves, with the effects increasing over time. The 
group treated with a combination of Abz-E2B and NaCl (Abz-E2B+NaCl+) also 
presented damage due to stress, but the severity was minor compared to those in the 
NaCl groups (Abz-E2B-NaCl+). 
2.3.2 Water potential and stomata aperture 
Similar behavior was observed in the leaves of both the Abz-E2B-NaCl+ and 
Abz-E2B+NaCl+groups after the beginning of treatment, with a significant decrease in 
water potential at 4 days compared to the untreated control (Fig. 2a). It was at 12 days 
that the treatment response showed a clear difference among groups, with the Abz-
E2B+NaCl+ group maintaining a higher water potential. The same difference was seen 
after 16 days of NaCl treatment. In contrast, the Abz-E2B-NaCl+ group displayed its 
lowest level of water potential from days 12–16, while the Abz-E2B+NaCl+group 
showed higher values during the same interval. In general, stomatal aperture of both the 
Abz-E2B-NaCl+ and Abz-E2B+NaCl+ groups remained lower than that of the untreated 
Chapter 2: Salt tolerance in apple seedlings is affected by an inhibitor of ABA 8'-
hydroxylase CYP707A 
46 
 
controls, although there was a severe decrease in the Abz-E2B-NaCl+ group, which 
represented the greatest difference compared to the untreated control (Fig. 2b), and this 
difference remained as the analysis proceeded. In comparison, the water potential of the 
Abz-E2B+NaCl+ group was higher than that of the Abz-E2B-NaCl+ group, even while 
the stomatal aperture of the Abz-E2B+NaCl+ group remained low. 
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Fig. 2.1. Progression of damage in leaves from ‘Fuji’ apple seedlings after NaCl treatment. 
 
Chapter 2: Salt tolerance in apple seedlings is affected by an inhibitor of ABA 8'-
hydroxylase CYP707A 
48 
 
 
 
Fig. 2.2. Changes of water potential (A) and stomatal aperture (B) in apple leaves under 
NaCl stress conditions. 
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2.3.3 Endogenous ABA concentration and expression of the MdNCED and 
MdCYP707A genes 
ABA levels in inhibitor-treated plants were 2 times the level found in the control 
plants (Fig. 3a), whereas ABA levels in the leaves of the Abz-E2B-NaCl+ group were 
indistinguishable from control levels at day 4 of the treatment, but were 9 and 7 times 
control levels at days 12 and 16, respectively.   
The expressions of both the MdNCED1 and MdNCED2 genes in the NaCl group 
showed the same trend, with higher levels than in the Abz-E2B+NaCl+ group (Fig. 3b, 
c). There was an increase with a peak in expression at 12 days, then declining at 16 days 
after NaCl treatment, although the expression remained higher than those of the 
untreated control and Abz-E2B+NaCl+ groups. 
Regarding MdCYP707A gene expression in the NaCl group, both MdCYP707A1 
and MdCYP707A2 behaved in a manner similar to the MdNCEDs, but there was a 
difference in the expression pattern for the Abz-E2B+NaCl+ group (Fig. 3d, e). While 
gene expression in the Abz-E2B-NaCl+ group reached its peak at 12 days after NaCl 
treatment, and then decreased, in the Abz-E2B+NaCl+ group the peak was at 4 days after 
NaCl treatment. This peak was even higher  
than those of the Abz-E2B-NaCl+group and untreated controls, and later declined 
at 12–16 days of NaCl treatment, at which time the levels were lower than those of the 
Abz-E2B-NaCl+group. 
2.3.4 Proline levels, Na+ levels, and scavenging of DPPH radicals 
Proline levels in the Abz-E2B-NaCl+ group were significantly higher than those 
of the other treatment groups (Fig. 4a). In contrast, the Abz-E2B+NaCl+ group had 
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slightly lower proline levels than the untreated controls, although a similar trend could 
be seen between them. With respect to Na+ levels, the untreated control and Abz-
E2B+NaCl+ groups showed similar behavior without major fluctuations or remarkable 
differences. In contrast, the group under the 100-mM NaCl condition displayed an 
increase of Na+ levels over time, with the highest levels not occurring until the end of 
the experiment (Fig. 4b). The results showed that at 4 days, both Abz-E2B-NaCl+ and 
Abz-E2B+NaCl+ had higher DPPH radical scavenging ability compared to the untreated 
controls (Fig. 4c). At 12 and 16 days, the Abz-E2B-NaCl+ group had higher scavenging 
activity than the other groups. 
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Fig. 2.3. Endogenous ABA levels (A) and the expressions of MdNCED1 (B), 
MdNCED2 (C), CYP707A1 (D) and CYP707A2 (E) in apple leaves. The experimental 
values are plotted compared to control (Ubiquitin) value. Data are the mean ±SE of 
three replications. Different letters indicate significant difference by Tukey-Kramer test 
at P≤0.05. 
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Fig. 2.4. Proline (A) and sodium (Na+) concentrations (B) and scavenging of DPPH 
radical (C) in apple leaves under NaCl stress conditions. 
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2.4 DISCUSSION 
Apples are known to be sensitive to salinity and water stress (Bernstein, 1980). 
Here, they failed to recover quickly after being exposed to stress conditions, showing 
signs of extreme damage as the days progressed. (Munns, 2002) previously reported 
that the effects of salinity may become more noticeable as time progresses, especially in 
more sensitive species with high rates of salt uptake or inability to compartmentalize 
salt once it builds up in leaves, leading to injuries that present either as yellowing or 
death of older leaves.  
Our analysis of the dynamics of the stress response revealed that the groups 
exposed to NaCl expressed a significant decrease in water potential as early as 4 days 
after NaCl treatment (Fig. 2a). The stomatal apertures in the Abz-E2B-NaCl+ group (Fig. 
2b) albeit significant when compared with untreated control, it was not when compared 
with Abz-E2B+NaCl+ group. Despite this, water potential levels in the Abz-E2B+NaCl+ 
leaves were significantly higher at 12 and 16 days. It is pertinent to mention the 
difference in endogenous ABA levels as a response to stress: the highest peak of ABA 
levels occurred at 4 days after NaCl treatment in the Abz-E2B+NaCl+group (Fig. 3a), 
while in the Abz-E2B-NaCl+group the peak was not achieved until 12 days after NaCl 
treatment. The initial decrease in water potential in both groups was likely due to the 
large amounts of Na+ and Cl- absorbed by the roots, which negatively affects growth by 
impairing metabolic processes such as water intake (Deinlein et al., 2014), and causes 
osmotic shock (Munns, 2002).  
High salt stress disrupts balance in water potential and ion distribution, as shown 
by the results in Figs. 2a and 4b, where there was a remarkable difference in both 
parameters between the Abz-E2B-NaCl+ and untreated control groups. This difference 
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would likely result in a toxic excess and accumulation of Na+ or Cl– in transpiring leaves 
(Fig. 1), exceeding the ability of cells to compartmentalize these ions, and thus quickly 
building up and disrupting enzyme activity. The damage to cell walls would eventually 
lead to dehydration, growth arrest, or death (Huang et al., 2012; Munns, 2002; Zhu, 
2001). ABA promotes stomatal closure, as seen in Fig. 2b, by altering ion flux in cells 
under stress conditions (Parida and Das, 2005), but continuous stomata closure is bound 
to bring both difficulties in restoring the water balance of the plant (Fig. 1) and impair 
photosynthetic carbon gain. Damage must be prevented or alleviated, homeostatic 
conditions must be re-established in the new, stressful environment, and growth must 
resume, albeit at a reduced rate (Zhu, 2001).  
Plants benefit by reducing uptake of salt ions into the tissue (Zörb et al., 2013). 
Ions such as Na+ can enter the plant by Na+ permeable channels and carrier type 
transporters such as glutamate like receptors (Maathuis et al., 2014), which are related 
to ABA biosynthesis and signaling (Kang et al., 2004). In Fig. 3, it can be seen that in 
the group treated by Abz-E2B, there was an increase in the levels of endogenous ABA 
at 4 days after NaCl treatment, while in the group that was not treated with Abz-E2B, 
the levels did not increase until 12 days after NaCl treatment. This early response might 
have led to an efficient reaction against stress, while in the untreated group, the opposite 
occurred.  
It has also been reported that ABA levels affect proline levels under salinity 
conditions (Shevyakova et al., 2013). In the Abz-E2B-NaCl+ group in the present study, 
the decrease in ABA levels occurred concomitant with an increase in proline (Fig. 3a, 
Fig. 4a). Proline is the most common osmolyte, and it accumulates in many plant 
species in parallel with increased external salinity, and is considered a reliable 
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biochemical marker of salt stress (Boscaiu et al., 2013). Similar to the trend in ABA 
levels, the Na+ levels in leaves under Abz-E2B-NaCl+ treatment were higher than those 
in the other treatment groups (Fig. 4b). These two phenomena followed a pattern similar 
to that reported by (Shevyakova et al., 2013) in the common bean (Phaseolus vulgaris 
L.) treated with exogenous ABA and subjected to salinity stress. That study established 
a link between respiration and water intake, with an accumulation of proline as a 
consequence of the decrease in water potential.  
Both MdNCED1 and MdNCED2 gene activity were lower in the groups treated 
with Abz-E2B+NaCl+ than in those treated with Abz-E2B-NaCl+ (Fig. 3b, c), correlating 
to endogenous ABA levels (Fig. 3a), with higher activity at 12 days after NaCl 
treatment. The salinity stress response has been reported to be similar to the drought 
stress response (Munns, 2002), and the findings in regard to MdNCED genes in this 
research were comparable to the effects produced by Abz-F1, a previous form of Abz-
E2B, i.e., inhibition of the activity of genes due to the ABA-8’ hydroxylase inhibitor 
(Kondo et al., 2012).  
On the other hand, the expressions of MdCYP707A1 and MdCYP707A2 were 
higher in the group treated with Abz-E2B than in the group treated with NaCl or the 
untreated control group at 4 days after NaCl treatment, then later declined with time, 
indicating a delayed response to treatment. The Abz-E2B-NaCl+ group showed the 
opposite effect, with lower levels at 4 days and higher levels at 12 and 16 days after 
NaCl treatment. The expression of these genes may only respond to the treatment when 
osmotic conditions are more favorable, as shown in Figs. 2a,b, 3a, and 4c, where 
seedlings treated with Abz-E2B+NaCl+ show a recovery at 12 days after NaCl treatment. 
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2.5 CONCLUSION 
The use of Abz-E2B was shown to be a great aid in dealing with salinity stress 
in apple seedlings. The treatment contributed to the maintenance of water balance and 
stability in the plant by elevating endogenous ABA levels and the genes responsible for 
ABA metabolism. The present data indicate that an increase of endogenous ABA in the 
early stages under salinity stress conditions might be the best approach to preventing 
long-lasting damage, allowing the plant to recover. This strategy could help to reduce 
losses in crop yield by salinity damage. 
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CHAPTER 3 
SALT TOLERANCE IN APPLE SEEDLINGS IS AFFECTED BY EXOGENOUS 
ABA APPLICATION 
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3.1 INTRODUCTION 
 
Salinity imbalance in soil is a widespread phenomenon that imposes two stresses 
on plant tissues: one, a water deficit resulting from the relatively high solute 
concentrations of the soil; and two, ion-specific stresses resulting from altered K+/Na+ 
ratios and Na+ and Cl– ion concentrations that are inimical to plants (Blumwald, 2000). 
Plant physiological and biochemical mechanisms in order to survive in soils with high 
salt concentration include, but are not limited to, ion homeostasis, compartmentalization, 
transport and uptake, biosynthesis of osmoprotectants and compatible solutes, synthesis 
of polyamines, and hormone modulation (Gupta and Huang, 2014). 
Abscisic acid (ABA) is an important phytohormone that responds to biotic and 
abiotic stresses such as drought, salt and chilling; and control various plant 
developmental events including stomatal aperture, seed dormancy/germination and 
seedling growth (Liu et al., 2017). Polyamines (PA) are low molecular organic cations 
found in a wide range of organisms. In plants, they are involved in various 
physiological events such as development, senescence and stress responses (Alcázar et 
al., 2006). Salt stress regulates polyamine biosynthesis and catabolism by acting as a 
cellular signal in hormonal pathways thereby regulating ABA in response to stress. 
Positive effects of PAs have been associated with the maintenance of membrane 
integrity, regulation of gene expression for the synthesis of osmotically-active solutes, 
reduction in ROS production, and controlling accumulation of Na+ and Cl− ion in 
different organs (Gupta and Huang, 2014). PA biosynthesis in plants begins with the 
precursor arginine or ornithine and this step is catalyzed by ornithine or arginine 
decarboxylase (ODC or ADC). ADC pathway for the synthesis of putrescine consists of 
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three enzymatic steps catalyzed by sequential action of ADC, agmantinoimino 
hydrolase (AIH) and N-carbamoilputrescina (CPA) (Nohemí Luna-Esquivel et al., 
2014). 
The present research on the effect of exogenous ABA on apple seedlings exposed 
to sodium chloride (NaCl) was analyzed, measuring parameters such as water potential, 
stomata aperture, sodium (Na+), endogenous ABA, total polyamines as well as genes 
related to their metabolism.  
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3.2 MATERIALS AND METHODS 
3.2.1 Plant materials and treatments 
The experiment was performed using 90-days-old Malus × domestica ‘Fuji’ 
seedlings. Seeds were kept in moist vermiculite at 5ºC in plastic containers with 
capacity for 72 seeds per trail; with a size of 26-cm wide, 52-cm long and 6-cm deep. 
Growth stage was carried on in controlled conditions in greenhouse at 12-20ºC with 
0.2% (v/v) Hyponex® solution of 2 L m−2 (Hyponex Japan Co., Osaka, Japan) as 
nutrient at 14 days intervals. Samples were divided in three treatment groups: untreated 
control; salinity stress in the form of a 100 mM sodium chloride (100 mM  NaCl) 
solution; and exogenous Abscisic Acid (ABA) plus salinity stress (ABA+ 100 mM 
NaCl). Treatment form ABA group started with initial application of 50 µmol ABA on 
leaf surface via spray in a solution containing an added adjuvant (Approach BI®, 
Maruwa Biochemical Co., Tokyo, Japan). Salinity stress was applied 24 hs after ABA 
treatment to the pertinent groups. Leaves from each treatment were collected at 5, 10 
and 15 days after NaCl application and kept at -80ºC until analysis. 
Water potential of each test group was determined by measuring young leaves in 
3 replications per test group with a WP4-T potential meter (Decagon Devices, Inc.; 
Pullman, WA, USA). As buffer, KCl was used. All leaves were sampled at dawn. Five 
leaves per treatment with 6 stomatal apertures were used, randomly selected and 
measured before and after the beginning of NaCl treatment at 5, 10 and 15 days; using a 
microscope (T-1000, Hitachi High-Technologies Co., Tokyo, Japan). Chlorophyll data 
was measured with the use of a soil and plant analyzer development (SPAD) meter 
(Konica Minolta SPAD-502Plus). 
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3.2.1 Na+ concentration in leaves 
Following the method described by Ohta et al. (2002), leaf samples were first 
dried for 72 hs at 68ºC, converted to ashes at 450ºC and grounded to powder. Sample 
was then dissolved in 0.1 N HCl and a 100 µL aliquote was mixed with distilled water 
until a final solution of 10 mL, which was analyzed by atomic absorption 
spectrophotometry (ICPE-9000, ICP-AES Multitype ICP Emission Spectrometer, 
Shimadzu Co.).  
3.2.2 Polyamine analysis  
Free polyamines were extracted and analyzed via the benzoylation method 
described by Kondo et al., (2001). Fresh samples were to powder with liquid nitrogen 
and 1 g mixed with 20 ml of 0.83 M (5%) perchloric acid (PCA) and 100 µL of 100 nM 
1,6-hexanodiamine as internal standard. From the PCA extract, 0.5 ml was then mixed 
by vortex with 2 mL 2 M NaOH and 10 µL of benzoyl chloride and incubated for 20 
min at 35ºC. After incubation 2 mL of saturated NaCl was added and finally mixed with 
2 mL of diethyl ether. From the diethyl ether suspension containing the benzoyl-
polyamines, 1 mL was taken and evaporated. This was redissolved in 100 µL methanol 
and total polyamine concentration was determined quantitatively by high-performance 
liquid chromatography (HPLC) (Japan Spectropic, Tokyo) using an ODS column 
(Mightysil RP-18, Kanto Chemical, Tokyo; 4.6 mm i.d. × 25cm), with the detector set 
at 254 nm and the eluent consisting of 60% methanol with 20 mM acetic acid at a flow 
rate of 1.0 ml/min. 
3.2.3 Quantitative analysis of ABA  
ABA analysis was based on the technique by (Kondo et al., 2012). Three 1 g 
replications of leaf samples, were homogenized with 0.2 µg ABA-d6in as internal 
standard in a 20 mL 80% (v/v) methanol solution with 0.1% L(+) ascorbic acid (Kanto 
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Chemical CO.; Tokyo) and 0.1% butylated hydroxytoluene (BHT; 2,[6]-Di-tert-Butyl-
p-cresol; Sigma-Aldrich Co., St. Louis, USA). The homogenate was filtered, and 
concentrated in vacuo to an aqueous solution. Chlorophyll was removed with 20 mL 
100% (v/v) hexane before adjusting pH to 2.5 using 0.1 M hydrochloric acid. Final 
extraction was performed with 20 mL 100% (v/v) ethyl acetate; concentrated to dryness 
and re-dissolved in 1 mL of 25% acetonitrile containing 20 mM acetic acid. The 
solution was subjected to a preparative HPLC with a flow rate of 1.5 mL.min−1 and 
detector set at 254 nm using an ODS-Mightysil RP-18 column (250 mm × 4.6 mm i.d.) 
and 25–50% acetonitrile plus 20 mM acetic acid as eluent. ABA was collected and 
methylated using ethereal diazomethane for 10 min. ABA methyl ester was analyzed by 
gas chromatography –mass spectrometry-selected ion monitoring (GC–MS-SIM) 
(Shimadzu QP5000, Kyoto, Japan) with the column temperature in a step gradient of 
60ºC for 2 min, then 60–270ºC at 10ºC min−1, and 270ºC for 35 min. The ions were 
measured as ABA-d0 methyl ester/ABA-d6 methyl ester at m/z 190, 260, 194, and 264. 
The ABA concentration was calculated from the ratio of peak areas for m/z 190 (d0)/194 
(d6).  
3.2.4 Gene expression  
A modified version of the technique used by (Li et al., 2008) was used for 
isolation of RNA. Fresh sample was grounded to powder and 0.3 g transferred to a 15 
mL tube with 5 mL f2+k solution (Buffer f2, 5 M KOAc, β-mercaptoethanol), and 
incubated at 65ºC for 8 minutes, centrifuged for 5 minutes at 10 000 rpm, then the 
supernatant mixed with equal volume of chloroform and isoamyl alcohol solution (CIA 
24:1 v/v), stirred by vortex and centrifuged again for 10 minutes. The aqueous phase 
was transferred to a new tube, and mixed with 3 M KOAc pH 5.2 at 0.04 × volumes and 
isopropanol 0.7 × volumes. This solution was filtered by transferring it to a Wizard® 
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SV mini-column and spin at 10 000 rpm, discarding the flow-through,repeating as many 
times as necessary, then washed with 500 µL buffer. After flow-through was discarded, 
5U/20 µL DNase was added to the column and incubated for 15 minutes and then 
washed twice with 500 µL wash. The column was finally transferred to a 1.5 mL tube, 
where 30 µL of buffer Tris-EDTA was added to the membrane and incubated for 5 
minutes before a final spin for 1 minute at 10 000 rpm. RNA purity and concentration 
were assessed by spectrophotometric absorbance (2.5 µL of sample in 47.5 µL of DW) 
at 260, 280, and 320 nm and ratios of A260:A280; while RNA integrity was evaluated 
from band expression on 1% agarose gel stained with ethidium bromide and 
visualization with UV light (Gambino et al., 2008). Synthesis of cDNA from RNAs 
extracted was done with ReverTra Ace® qPCR RT Master Mix plus gDNA Remover 
(Toyobo Co., Ltd, Osaka, Japan) per manufacturer’s instructions. Comparative real-time 
PCR was performed using a SYBR Green FAST ABI Prism qPCR Kit (Kapa 
Biosystems, Wilmington, MA, USA) according to the instruction manual Gene specific 
primers are indicated in Table 3.1, the last three, including ubiquitin, were used as 
controls. 
3.2.5 Statistical analysis 
Data are presented as means ± SE, subjected to analysis of variance procedures, 
and separated by the Tukey-Kramer test at P≤0.05 using the SAS statistical analysis 
package (SAS Institute, Cary, NC, USA). 
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Table 3.1. Primers used for real-time RT-PCR. 
Gene Forward/reverse primer (5’–3’) 
MdNCED1  
(F) GTA TCA CGT CCA AAT CAC TGA AAC  
(R) ATT TGA GGT ATG GCT TCT GAA CG 
MdNCED2  
(F) CGT TGA GAA GCC ATA CCT CAA AT 
(R) GCG AC A TCT GTT CTG TCG TAA AT 
MdCYP707A1  
(F) GAA GAG GTA TGC TTT TGA TGT GG 
(R) TCA ACA AGC CAC CAC TAT CTT CT 
MdCYP707A2  
(F) ACA CTT TGC AAG AGA TGA AGA GG 
(R) TGT GAA AGG AAG TTC CAG GTA GA 
MdADCa 
(F) GCC GTA CCT GGT GTC AGC 
(R) CAA TGT CGC CGT AAT CAT CC 
MdADCb 
(F) CCT TCC ACA ACA TGC CGT AT 
(R) GCC AGC AGA AGC AGC AGT 
MdUBQ 
(F) CTC CGT GGT GGT TTT TAA GT 
(R) GGA GGC AGA AAC AGT ACC AT 
MdSANO 
(F) CCC AGG ACT TTG AGC TTT ATG C 
(R) TAT CAC CAT GAA AAG GGG CTT G 
MdHISH3 
(F) GTC AAG AAG CCC CAC AGA TAC 
(R) CTG GAA ACG CAG ATC AGT CTT G 
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3.3 RESULTS 
3.3.1 General overview of leaf damage 
Damage on the leaf surface such as sunburn, yellowing and hardening of the 
leaves were seen on both NaCl and ABA + NaCl treated groups (Fig. 3.1), and became 
more prominent when compared to untreated controls as treatment progressed. The 
severity of these was more prominent on the group without previous exogenous ABA 
application, which can constitute an initial favorable sign towards the treatment pre-
stress. 
3.3.2 Water potential and SPAD 
Water potential (Fig. 3.2a) showed an initial drop as expected after the start of 
the stress treatment for both NaCl and ABA + NaCl groups. SPAD (Fig. 3.2c) shows 
higher levels through the whole experiment for the NaCl group when compared to 
untreated control.  
3.3.3 ABA levels and gene activity 
In the present experiment, as response to salinity stress on the days after the start 
of the treatment, endogenous ABA levels (Fig. 3.3a) for ABA + NaCl group at 0 and 5 
days levels were significantly higher when compared to control and NaCl treated group; 
these levels then decreased at 10 days and by day 15 levels were similar to those from 
control group. When we see gene activity, both MdCYP707A1 and MdCYP707A2 (Fig. 
3.3b, 3.3c) showed high levels in NaCl treated groups, especially at 15 days, as well as 
MdNCED1; however is was also observed that control and NaCl groups had higher 
levels at 10 days, and at 15 days for NaCl. MdNCED2 expression (Fig. 3.3d, 3.3e) 
compared to control was lower for stressed groups, although there was an increase in 
activity for ABA + NaCl group at 15 days. 
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3.3.4 Polyamine levels and gene activity 
Total PA levels (Fig. 3.4a) were high on ABA + NaCl group from 0 days then 
decreased with time, becoming similar to those of control group at 10 days. On the other 
side, NaCl treated group increased their total polyamine levels at 5 and 10 days, to then 
decline at 15 days. 
 Chapter 3: Salt tolerance in apple seedlings is affected by exogenous ABA application 
67 
 
 
 
Fig. 3.1. Progression of damage in leaves from ‘Fuji’ apple seedlings after NaCl treatment. 
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Fig. 3.2. Changes of water potential (a), stomatal aperture (b), SPAD (c) and sodium 
(Na) in apple leaves under NaCl stress conditions. Data are the mean ±SE of three 
replications. Different letters indicate significant difference by Tukey-Kramer test at 
P≤0.05. 
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Fig. 3.3. Endogenous ABA levels (a) and the expressions of CYP707A1 (b), CYP707A2 
(c), MdNCED1 (d) and MdNCED2 (E) in apple leaves. Data are the mean ±SE of three 
replications. Different letters indicate significant difference by Tukey-Kramer test at 
P≤0.05. 
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Fig. 3.4. Polyamine levels (a) and the expressions of MdADCa (b), and MdADCb (c) in 
apple leaves. Data are the mean ±SE of three replications. Different letters indicate 
significant difference by Tukey-Kramer test at P≤0.05. 
 
  
 Chapter 3: Salt tolerance in apple seedlings is affected by exogenous ABA application 
71 
 
 
3.4 DISCUSSION 
 
Accumulation of ABA mitigates the inhibitory effect of salinity on 
photosynthesis, growth, and translocation of assimilates (Gupta and Huang, 2014), and 
exogenous application was proven successful in other plants such as beans (Shevyakova 
et al., 2013). In the present experiment, as response to salinity stress on the days after 
the start of the treatment, endogenous ABA levels (Fig. 3a) for ABA + NaCl group at 0 
and 5 days levels were significantly higher when compared to control and NaCl treated 
group; these levels then decreased at 10 days and by day 15 levels were similar to those 
from control group. When we see gene activity, both MdCYP707A1 and MdCYP707A2 
(Fig. 3b, 3c) showed high levels in NaCl treated groups, especially at 15 days, as well as 
MdNCED1; however is was also observed that control and NaCl groups had higher 
levels at 10 days, and at 15 days for NaCl. MdNCED2 expression (Fig. 3d, 3e) 
compared to control was lower for stressed groups, although there was an increase in 
activity for ABA + NaCl group at 15 days.  
Salt stress regulates polyamine biosynthesis and catabolism by acting as a 
cellular signal in hormonal pathways thereby regulating ABA in response to stress 
(Gupta and Huang, 2014). ADC is considered to be the rate-limiting step for PA 
biosynthesis under abiotic stress, leading to an increase in Putrescine biosynthesis, a 
precursor for the higher polyamines (Alet et al., 2011). In Arabidopsis, expression of 
ADC increases when exposed to salinity stress, whereas mutants of polyamine 
biosynthetic genes show sensitivity to salinity (Gupta and Huang, 2014). MdADCa gene 
(Fig 4b) shows higher activity in ABA + NaCl group at 0 and 10 days, while MdADCb 
(Fig. 4c) shows high levels 5 and 10 days on NaCl group, similar to total PAs tendency. 
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In both cases for ABA and PA, levels were higher in ABA + NaCl group. An early 
accumulation of both before stress or at an early stage could be a key point of the stress 
response to overcome stress. ADC, as PAs precursor, is related to tissue maturation and 
response to environmental stresses (Hao et al., 2005). MdADC genes increased right 
after exogenous ABA application, suggesting that this action triggered a PA pathway 
response which turned beneficial for seedling once salt stress started. 
Literature has shown that a salinity prone environment  lead  to  cellular  
dehydration,  which  causes osmotic stress and removal of water from the cytoplasm 
(Akula and Ravishankar, 2011), and that the sudden decrease in water uptake with 
addition of sodium chloride solution is to be expected and would presumably be due to 
both the rapid change in osmotic potential of the soil solution which would at least 
temporarily alter the gradients of water potential upon which water uptake depends and 
the possibility of increased root resistance to water uptake in the presence of NaCl 
(West, 1978), which explains the recovery for ABA + NaCl group at 10 days. A rapid 
osmoregulatory response in roots to maintain water homeostasis and long-distance 
water flux could contribute to maintain plant growth and avoid root-emitted stress 
signals such as decreased root hydraulic conductivity or high ABA that negatively 
regulate shoot growth and that could compromise long-term plant responses to the toxic 
ion component of salt stress (Cabot et al., 2014). This can be also associated with the 
stomata behavior of seedlings under stress (Fig. 2b), regulation of the aperture of 
stomata at the beginning of the experiment followed a similar tendency to water 
potential levels at 5 days, with recovery at 10 days, however, for ABA + NaCl group, 
levels were significantly lower at 0 days. Na+ was significantly higher on NaCl group at 
5 days when compared to control and ABA + NaCl groups, the latter increasing and 
becoming more similar to NaCl group at 10 and 15 days. The delay on the absorbance 
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of Na+ (Fig. 2d) correlates with the water levels observed and is an interesting 
development that as damage and stress progress, it shows to be beneficial on the 
response in the pathway to overcome salinity. 
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3.5 CONCLUSION 
Apple seedlings under salt stress with a previous treatment of exogenous ABA 
were able to overcome stress in a more efficient way than those without previous 
treatment by having an early response that consisted of a combination of mechanisms 
that included respiration and water management, slow intake of Na+. The hormonal 
response (ABA) and PA activity also showed similar reactions and the combination of 
these to processes led to a satisfactory response to the stress. 
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4. GENERAL DISCUSSION 
 
Water deficit and salinity stresses decrease soil water potential and cause 
osmotic, ionic and oxidative stresses. These stress signals stimulate various downstream 
signaling cascades and biochemical and physiological processes in plants, including 
biosynthesis and transport of plant hormones, such as abscisic acid (ABA), triggering of 
signaling networks, activation of membrane transport systems and transcriptional 
activation of a number of stress-responsive genes. These processes control the plant 
cellular homoeostasis and ability to survive under stress through the activation of plant 
stress-responsive systems (Osakabe et al., 2014). 
Although this research uses two different approaches regarding ABA –internal 
regulation via catabolism inhibitor and exogenous application- the overall result is 
similar within the two. Both rely on high levels of ABA at early stages to overcome salt 
stress, as well as managing other pathways that are important in the recovery. Both the 
use of ABA 8’-hydroxilase and exogenous ABA groups showed positive responses in 
the management of water intake, which will preserve a homeostatic balance and prevent 
cell damage.  
For many years, the capacity to accumulate proline has been correlated with 
stress tolerance. Proline is considered to act as an osmolyte, a ROS scavenger, and a 
molecular chaperone stabilizing the structure of proteins, thereby protecting cells from 
damage caused by stress by accumulating in response to different environmental 
stresses including drought, high salinity, and heavy metals (Krasensky and Jonak, 2012). 
In the present research, this accumulation occurs in parallel with ABA levels on groups 
 General discussion 
76 
 
under high stress. This reflects the little success of the plant on its intent to overcome 
stress, since high levels of proline can also reflect negatively, indicating an 
oversaturated system. 
There are two prerequisites for an ABA mediated regulation under stress: its 
production should be triggered rapidly to avoid inhibition of plant growth and 
functioning, and it should be rapidly degraded and deactivated after the stress is relieved 
so that plant can resume normal growth and functioning (Amjad et al., 2014). Drought 
and salinity trigger the production of ABA in roots which is transported to the shoots 
causing stomatal closure and eventually restricting cellular growth. ABA can also be 
synthesized in leaf cells and translocated around the plant. Recent evidence indicates 
that xylem/apoplastic pH influence ABA compartmentation and consequently the 
amount of ABA reaching the stomata (Chaves et al., 2009). In both experiments 
mentioned before, high ABA levels at an early stage were crucial for a successful 
response to overcome salt stress. Be it by exogenous application or by inhibition of the 
catabolism, accumulation of ABA mitigates the inhibitory effect of salinity in several of 
the processes, such as photosynthesis, growth and translocation of assimilates. In fig 3.2, 
chlorophyll is visibly affected, with the NaCl group having higher levels whereas the 
ABA + NaCl group had a much more similar response to control when compared with 
each other. 
Na+ is taken up from saline soil by roots and transported to the aerial parts of 
plants through the transpiration stream. Thus, one mechanism that could restrict Na+ 
accumulation in the shoot is reduction of transpiration through stomatal movement 
regulation (Yu and Assmann, 2016). Na+ accumulation was notoriously different 
between data depending on the approach, however the most notorious aspect from it 
was the fact that in the earliest stages of stress, particularly at 4 and 5 days, Na+ levels 
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in the plant were lower in groups with high ABA accumulated (Abz-E2B and 
exogenous ABA, respectively). Crops, when exposed during a long period to water 
stress caused by salinity or drought, are able to make an osmotic adjustment. This 
phenomenon consists of decreasing the leaf osmotic potential by accumulation of 
solutes and in that way increasing the turgor potential to maintain stomatal conductance 
and leaf growth under saline conditions (Katerji et al., 2003). The degree of damage, 
and the time for recovery, depends on the degree of the initial change. The deleterious 
effects of a salt shock are presumably associated with the plasmolysis of root cells 
(Munns, 2002). In fig. 2.2a and 3.2a, the recovery between groups under treatment that 
promote high levels of ABA (Abz-E2B or exogenous ABA) are much similar to control 
than the response of groups under NaCl only.  
Stomatal responses are coordinately regulated by macroelements transported 
through various transport systems to efficiently control the water status of plants. In 
response to water deficit, ABA is accumulated in guard cells through its transport from 
the biosynthesis sites, and induces a reduction in their turgor and volume, resulting in 
stomatal closure. During stress, transport systems play important roles in maintaining 
physiological and biochemical balances between cells, tissues and organs, enabling 
plants to adapt better to adverse conditions. In the early phase of a stress period, 
transport systems may serve as a driving force that switches on the flow to enhance and 
accelerate plant responses (Osakabe et al., 2014). This implies that not only the 
respiration process was a key factor in overcoming salinity at an early stage, but that 
also other processes were being regulated in order to accomplish this action.  
Within a multigenic family, the same stress can have distinct effects on the 
several genes, not only quantitative but also qualitative. Interaction of salt and water 
stress strongly reduces plant's capacity to recover photosynthesis after stress alleviation 
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as compared with plants subjected to a single stress. It has been observed that, in some 
species, limited recovery of leaf-specific hydraulic conductivity is the apparent cause 
for down-regulation of stomatal conductance after re-watering (Chaves et al., 2009).  
Plant signal regulation is a complex process that frequently involves a large 
number of genes. In low-temperature stress, for example, the products of gene 
expression are related to the tolerance of and the response to those stresses, some of 
which are water stress-induced genes, some are induced only by low temperature and 
others are induced by exposure to a combination of water and low-temperature stress 
(Zhuang et al., 2011). This is clearly seen in fig. 2.3 and fig. 3.3, where we see ABA 
regulation via a catabolism inhibitor and exogenous application. In both cases, ABA 
was catabolized soon in the days after stress in ABZ-E2B and exogenous ABA treated 
groups, whereas in the NaCl only group ABA levels were lower and increased with time. 
The inhibitor approach showed true control of the regulation pathway and the amount of 
ABA from an early start, whereas exogenous ABA presented itself as an aid rather than 
actually interacting with the regulation pathway. Interestingly enough, in Fig. 3.3 the 
NaCl shows high gene activity even though when comparing ABA levels with untreated 
control, there is no significant difference between both groups on a hormonal level. This 
means that, in order to overcome stress successfully, ABA has to be catabolized sharply, 
so that by the time of the sampling, ABA was already catabolized to phaseic acid and 
that the stress response mechanism was probably overworking in order to keep balance 
and have a successful recovery. 
As a final remark, it can be concluded that in both experiments the ideal strategy 
to successfully overcome salt stress is not only to focus on an efficient mechanism via 
plant regulators, but also that time is a very important factor in a successful response. 
By having high levels of ABA at an early stage, it has been seen that even salt sensitive 
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plants like apples are able to create a strategy that will successfully overcome the stress 
by managing respiration, water intake and hormone synthesis with the aid of osmolytes 
in a successful combination. 
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5. SUMMARY 
The effects of abscisic acid (ABA) were examined in ‘Fuji’ apple seedlings 
exposed to sodium chloride (NaCl) via two approaches: by use of ABA 8’-hydroxylase 
inhibitor, abscinazole-E2B (Abz-E2B) and by exogenous ABA application. The water 
potential, stomata aperture, endogenous ABA, proline, polyamine (PA) and sodium 
(Na+) levels were analyzed as well as the expression of 9-cis-epoxycarotenoid 
dioxigenase (MdNCED), ABA 8’-hydroxylase (MdCYP707A) genes and adenine 
decarboxylase (MdADC). Water potential and stomatal aperture in both experiments is 
similar, with NaCl group remaining low even when recovers from initial shock. 
Endogenous ABA levels were higher in Abz-E2B+NaCl+ at 4 days after treatment; in 
contrast, ABA levels under Abz-E2B-NaCl+increased with time, peaking at 12 days. 
Expression of MdNCED1 and MdNCED2 genes at 12 days remained lower in Abz-
E2B+NaCl+ compared with Abz-E2B-NaCl+. Proline levels increased sharply at 100mM 
NaCl. The expression of MdCYP707A1 and MdCYP707A2 was higher in Abz-
E2B+NaCl+ at 4 days, to decline at 12 days. When exogenous application of ABA was 
performed, the results show that regarding endogenous ABA levels there is a significant 
difference at 5 days between ABA+NaCl and NaCl groups. At the end of the treatment, 
NaCl group showed higher levels of chlorophyll when compared to the untreated 
control and ABA+NaCl group. There was a recovery on the stomata on groups under 
stress at the end of the treatment, however ABA+NaCl group response resembles more 
of those of the untreated control. Total PA levels were higher for ABA+NaCl group 
after ABA application and then decreased with time, whereas NaCl group was higher 
after stress began, peaking at 5 and 10 days. Present total data proposes that an increase 
in the levels of endogenous ABA on early states under salinity stress conditions might 
be a good approach to prevent long lasting damage and allowing the plant to recover. 
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